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Remarks 

The following remarks are provided in further support of the Claims. 
PrP9;ent Status r^f the Claims: Claims 1-14 are pending. 
Objections: 

The figures are objected to as not showing the intended invention. 



Rejections: 

Rejection Under 35 U.S.C. §112 
Claims 1-14 are rejected under 35 U.S. C. §112 second paragraph as being 
indefinite, vague, and confusing for failing to particularly point out and distinctly claim the 
subject matter which the applicant regards as the invention. 

Rejection Under 35 U.S.C. §1 02(a) 
Claims 1-4. 8. 9. 11. and 12 are rejected under 35 U.S.C. §102{a) as being 

unpatentable over Nunoue et al. 

Claims 1. 3. 4, 8, and 12 are rejected under 35 U.S.C. §102(a) as being 

unpatentable over Koide et al. 

Claims 1. 3. 4, and 8 are rejected under 35 U.S.C. §1 02(a) as being 

unpatentable over Khare et al. 

Rejection Under 35 U.S.C. § 103(a) 
Claims 5-7. 10, 13, and 14 are rejected under 35 U.S.C. §1 03(a) as being 
unpatentable over Nunoue et al. 

I, DISCUSSIHM - ORJECTIONS 

The Office asserts that "the figures are objected because it does not show the 
intended invention." Fig. 2a includes a substrate, a nucleation layer, an interlayer, and 
multiple pairs of layers that form a supported distributed Bragg reflector, as in Claim 1. 
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Fig 4a includes a substrate, a nucleation layer, a «rs» ir,terlayer, multiple pairs of layers, 
a second interlayer, and multiple pairs of layer, that fcm, a supported distributed Bragg 
reflector, as in Claim 13. The labels In the figures have been improved to make the 
identity of the layers clearer. 

11 nl.QP.t IS.SIQN - 35 U-S.C. 

The Office rejected claims 1-14 under 35 U.S.C. §112, second paragraph, as 
being indefinite for failing to particularly point out and distinctly claim the subject matter 
which applicant regards as the invention. 

With respect to claim 1, 13. and 14 that the Office asserts to recite "a supported 
distributed Bragg reflector comprising: a substrate; a nucleation layer on substrate; an 
interlayer on nucleation layer, comprising a material selected from AIN, Al.Ga,..N and 
AlBN and multiple pairs of (AI,Ga,B)N/Ai,Ga.B}N layers on said interiayer forming a 
distributed Bragg reflector", the Office asserts that they are "vague and indefinite as to 
the make up of the nucleation layer, and confusing as to what pairs of material it is 
claiming-a mixture of ALL of the elements (Al.Ga.B)N, or a ONE mix-match of the 
element (AIGa.B)N pairs in the interlayer; if it is a mixture of ALL of the element AIN, 
AIGaN. and AlBN as multiple pairs interlayers." We address these points in the 

following paragraphs. 

With respect to claims 1 and 14. the Office asserts that the claims are indefinite 
as to the make up of the nucleation layer. The specific composition of the nucleation 
layer is dependent upon the substrate that is employed, as is known to those skilled in 
the art of lll-V nitride material growth. We have amended the claims to define the 
required thickness in terms of its needed function of promoting continuous growth, 
which depends on the substrate. 

With respect to claim 13, the claim recites "a GaN nucleation layer having a 
thickness greater than approximately 0.6 microns," which does particularly point out and 
distinctly claim the makeup of the nucleation layer. 

With respect to claims 1, 13. and 14. the Office asserts that the claims are 
confusing as to what pairs of material it is claiming. The notation. (AI,Ga.B)N, is a 
standard general nomenclature used by those skilled in the art for group Ill-nitride 
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materials with different mole fractions of Al. Ga. and B with the individual elemental 
mole fractions ranging between 0 and 1 . Additionally; the meaning Is defined in the body 
of the specification on page 3 lines 26-30: "The (Al.Ga,B)N/(Al.Ga,B)N layered structure 
is commonly a AlGaN/GaN structure but can be more generally any Group III material- 
based structure such as AIBN. GaBN. AIGaN. or AlGaBN material paired with an AIN. 
GaN. or BN material. Indium can also be substituted. For the present invention. 
(AI.Ga,B)N/(AI.Ga.B)N represents any of the potential Group III materia! combinations 
that can be used." Solely for the purpose of clarification we have amended this 
nomenclature in claims 1,2,7,9. and 14 to be of the fomn AlwGa,Bi.w-xN/AWGaxB,.>^-^N. 
The particular group-Ill material compositions selected as pairs are determined by the 
wavelength of light that is to be reflected by the DBR; the criteria for selection of the 
proper combination are standard in the art and described in the references below. The 
structure and composition requirements are described in numerous regular and review 
articles on DBRs; for example, "Principles of Distributed Feedback and Distributed 
Bragg-Reflector Lasers". Shyh Wang. IEEE J. Quantum Electronics voL QE10 #4 
(1974) p. 413-427, "Effect of layer thickness variations in a distributed-Bragg reflector 
mirror on the phase of the reflected light," J.-P. Weber and Shyh Wang. Optics Lett. Vol. 
15, No. 10 (1990) p. 526-528 and "Distributed Bragg Reflectors for Vertical-Cavity 
Surface-Emitting Lasers," by W.G. Breiland. A.A. Allemian, J.F. Klem. and K.E. Waldrip, 
MRS Bulletin Vol. 7 #7 (2002) p. 520-524. These are appended in whole or in part (first 
page only of Shyh Wang, 1974) to this submission. 

With respect to claim 13 which recites "at least five pairs of AlyGai.yN/GaN 
layers," the Office asserts that "'it is not clear the order structure of these pairs layers." 
The necessary order structure of the pair layers to make a reflector is standard in the art 
and described in the references above. 

With respect to claim 14 that recites a supported semiconductor lattice structure, 
the Office asserts that the claim is indefinite as to the differences of "an interlayer 
(AI.Ga,B)N and a layer oi (AI,Ga.B)N." On page 2 of the specification, an "interiayer" is 
distinguished from a "layer^' as comprising AIN or AIGaN interiayers that effectively 
control mismatch-induced stress and suppress the formation of cracks. 
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With respect to claims 6. 7, 14 that recite "greater than approximately." the Office 
asserts that "greater than appmximateiy' is not a positive limitation. The limiting factor 
on how precisely the thickness of a semiconductor layer can be described is the 
thickness of one layer of Ga+N, Al+N. or AKGa+N atoms in the semiconductor crystal 
lattice. These layer thicknesses are determined by the lattice constants for the 
materials. Persons of ordinary skill in the art of growing epitaxial semiconductor 
structures can under optimized growth conditions control total layer thickness to one 
atomic layer thickness on each interface. The thickness of one layer is known for the a- 
direction and c-direction in wurtztte Group lll-N semiconductors. 

Lattice constants (Angstroms) a-direction c-direction 

GaN 3-189 5.185 

AIN 3.11 4.98 

InN 3.54 5.70 

From M.S. Shur and M.A. Khan. MRS Bull. 22 (2) 44 (1997) 

For example, for growth on the c-face of a wurtzite crystal of GaN. AIN. or AIGaN. 20 
Angstroms represents 4 monolayers of GaN. AIN. or AIGaN. With a possible variation in 
layer thickness of ± a few monolayers (± 5 Angstroms per monolayer), the typical 
variation in thickness across a device structure is an appreciable fraction of a total layer 
thickness of 20 Angstroms, so use of the term "approximately" is consistent with the 
precision possible in growing such structures. Persons of ordinary skill in the art of 
growing epitaxial semiconductor structures will understand this as a clear and enabling 
description of the structure of this Invention. 

With respect to claims 1, 13, and 14, the Office asserts that there is 
insufficient structural and functional relationship to conform a distributed Bragg reflector, 
which renders the claims vague and indefinite. With respect to claims 1 and 13. as 
discussed above, the necessary composition, thickness, and structure of the pair layers 
that comprise a distributed Bragg reflector are standard in the art and described In the 
references above. The particularities of a DBR structure are determined primarily by the 



Page 9 of 12 



PA(X1(II27'RCYDAT2/6I20(I410:5S:25 AM [Eastern StandanlTimel'SVRiUSPT^^ 



FBb-06-04 09:00ain From- T-952 P. 011/027 F-134 

Application No.09/998.114 

wavelength of its intended operation and requisite structure is well understood in 
accordance with prior art. Determination of the details of the incorporation of at least 
one stress-reducing interlayer in a DBR stmcture per this Invention is within the scope 
of a person of ordinary skill In the art of growing DBR structures. With respect to claim 
14 the claim recites the formation of a supported semiconductor lattice structure that 
need not be a DBR so the specification of structural and functional relationships to 
conform a DBR is not required for the claim to be definite. 

As the Office observes, claim 4 is dependent upon claim 1. with the phrase "of 
claim 1" having been omitted as a typographical error. Claim 4 properly reads "The 
supported distributed Bragg reflector of claim 1 wherein said nucleation layer comprises 
a GaN material." We have amended the claim. 

As the Office obsen/es, the phrase in claim 14, "an interlayer comprising a 
material selected form an ..." contains a typographical error and should correctly read 
"an interlayer comprising a material selected from an..:' We have amended the claim. 

With respect to claims 2-12, the Office rejects the claims on the same reason as 
claims 1, 13, and 14. The responses above directed to the rejections of the latter claims 
are applicable to claims 2-12 as well. 

Ill niSCUSSlON - -•=^5 U.S.C. g1 n?^^^ Nunoue et al. 

The Office rejected independent claim 1 and dependent claims 2-4, 8, 9, 11, and 
12 under 35 U.S.C. §1 02(a) as being unpatentable over Nunoue et al. (US 
20020036295)(2000-28g396). Loss of right to patent under §102(a) requires that the 
invention be known oc used by others in this country or be patented or described in a 
printed publication before the invention by the applicant. Nunoue et al. describes a DBR 
including a plurality of semiconductor layers made of a nitride semiconductor and a 
plurality of organic layers alternately laminated. It does not teach the suppression of 
cracking by the inclusion of stress-relieving interiayers to enable a high-reflectivity DBR 
as in our Invention. It does not, therefore, show that the invention was known by others 
before our invention as claimed in independent claim 1 and dependent claims 2-4, 8, 9, 
11, and 12. 
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w/ ni.':;nilSSIQN-3 '=i»lRC S1Q2(a^ Koide et al. 

The Office rejected independent claim 1 and dependent claims 3, 4. 8, 12 under 
35 use. §102(a) as being unpatentable over Koide et al. (US2001/0048112)(US 
6040588). Loss of right to patent under §102(a) requires that the invention be known or 
used by others in this country or be patented or described in a printed publication before 
the invention by the applicant. Koide et al. describes a LED where the uppermost 
barrier layer of a quantum well structure is grown to an additional thickness to allow for 
some lose of that layer when the next layer of group lll-nitride is grown at a higher 
temperature where some of the InyGavyN will be lost from the structure. It does not 
teach the suppression of cracking by the growth of stress-relieving interlayers to enable 
a high-reflectivity DBR as in our invention. It does not, therefore, show that the 
invention was known by others before our invention as claimed in independent claim 1 
and dependent claims 3,4, 8, and 12. 

V ni.qriJSSION-35U.S.C.^l Q2fal KhareetaL 

The Office rejected independent claim 1 and dependent claims 3, 4, and 8 under 
35 U.S.C. §102(a) as being unpatentable over Khare et al. (US6576932). Loss of right 
to patent under §1 02(a) requires that the invention be known or used by others in this 
country or be patented or described in a printed publication before the invention by the 
applicant. Khare et al. describes an LED structure in which the base layer is grown on a 
substrate which has been intentionally misaligned from a main crystal plane. It does not 
teach the suppression of cracking by the inclusion of stress-relieving Interiayers to 
enable a high-reflectivity DBR as in our invention. It does not, therefore, show that the 
invention was known by others before our invention as claimed in independent claim 1 
and dependent daims 3.4, and 8. 

VI niSCUSSlQN - 35 U.S.C. S103fa) Nu noue et al. 

The Office rejected independent claims 13 and 14 and dependent claims 6-7, 
and 10 under 35 U.S.C. §1 03(a) as being unpatentable over Nunoue et al. (US 
20020036295)(2000-289396). 
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In order to establish a pnma facie case of obviousness, there must be some 
teaching, motivation, or suggestion, supported by objective evidence of record, to 
modify the reference and the reference must teach or suggest all the claim limitations. 
Nunoue et al. teaches a DBR comprising a plurality of semiconductor layers made of 
nitride semiconductor and a plurality of organic layers alternately laminated. It does not 
teach, motivate, or suggest the growth of a stress-reducing interlayer within the 
semiconductor heterostructure. Since a prima facie case of obviousness has not 
successfully been made, the rejection under 35 U.S.C. § 103(a) has been overcome. 
Accordingly, claims 5-7. 10. 13. and 14 are now in condition for allowance. 

Conclusion 

Applicants have responded to each and every objection and rejection, and urge 
that Claims 1-14 as presented are now in condition for allowance. Applicants request 
expeditious processing to issuance. 

Respectfully submitted. 




Carol I. Ashby 
Agent for Applicant 
Registration No. P54,969 
Sandia National Laboratories 
Patent and Licensing Center. Org. 11500 
P.O Box 5800. IVIS0161 
Albuquerque, NM 87185-0161 
Telephone (505) 844-2303 
Fax No. (505) 844-1418 
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Principles of Distributed Feedback and Distributed 

Bragg-Reflector Lasers 



SHYH WANG, MEMBER. IBEE 



AbSliact—y/»ye propagiition in periodic wsvcEiridt* b aiialyicd by 
a«flcipc5ing the cigen Btoch vnres Inu tWTdine^c «ni|»ii«ts. U i» 
di<mit tfat the principal componcnto consist of i priimuy forwurd wave, a 
prtoiary blickwsnl wave, and Ihdr BragB-Stattored secondary waves. One 
imdonant parameter k lb« coupBng consduit » due » Braffi scaranng, 
wWdi relates the spwudarjr ««»e to th* rospccUve primary ware. LiMr 
threshoia ««d5ttoii ki then obwinri by applying the eoatiimltr of taiiBa«tiiil 
£ and at »ho two boimdaries. Tbe results thus obtained are E«»i«"l and 
npplIcaUe to thiO-BIm lasers wlfli yarjoua YTnTeguidc »tri«eiiinit. 

The b»t threshold condWgo of tHn-film Br«ss "* «*P'^'^ 

terms of two effective reflection eoeShdcots for easy ccmpansoa with co» 
rcntional tasc». For apprcdaWe rcftetrion, a significant ehangc erther .n the 
propnaWion constant or in the conpCng constant is reqnired. Two basic 
types of *ln-film BragJ! laser* «i« distributod-feedhack (OFB) lascra in 
wUeb Br^g sotteriog is confined » the active «ed.a« and i.*tr.birted- 
JiniM^ellcctor IDBR) lascis in which Braes scattering fa llMlted to regicns 
beyond the acdvc medium. Tbe ihreslioM gain, fr«<»oency coplrol. and mode 
selectivity for both "type* pre an.lyi«4 and tte analysts are appl«d to CaAs 
and Nd lasers. It i* shown th»t DBR lpi«r$ showU hate a lower threahoia 
e^n and a hetter mode selectivity than DFB laser*. For distributed- 
fccdback effect W play a significant roJc in lliip-filni Bragg '•f"'"* 
product must be greater than Mlty where « is the distribottd-fcedbai* 
efficient and Uu. is the internctlon length. Adrmritaces for bavhig Penodic 
struetnies oucsWc the active racJlsm so as to relax comtralnis on ic and i.,„. 
are also diseiased. 

I. Introduction 

THE WORK of Kogcltiik and co-work«trs 11], [2] on 
distributed feedback (DFB) lasers has stimulated a 
great deal of interest in the use of Bragg scatttning to provide 
the necessary feedback in thin-film lasers. Since the initial 
work of Kogclnik e: fl/., a number of DFB laser cxperiraents 
have been reported [3]-(9] bydifferentgroupsusingdiflerent 
laser materials in various experimental configuratiOTis. On 
the theoretical side, several papers discussing die threshold 
condition and other related aspects of DFBlasershavebccn 
published [10]-I13] and new periodic waveguide structures 
suitable for solid-state and semiconductor lasers have been 
proposed [in. In the experimerttal work reported thus far, 
only DFB dye lasers have been extensively studied and have 
shown that their threshold condition can be easily satisfied. 
Experimental data on DFB Ga As lasers, on the other hand, 
have indicaieii that the threshold gain needed in DFB lasers 
far exceeds that needed in injection lasers. Furthermore, 
successful operation has been achieved only at 77 K under 
pulsed condltions.Ilisthepurposcpfthcprcsentpapertoex- 

Mnnuscript reeeived September 25. 1973: revised Deoeinber l». 1973. 
TiS wSrTwa. supported in part by the Air Fefce Office Of S^entlflc 
Research under Grpnl AFOSR.7l.2U4 and in port «hc Office gf 
Navul Research un<lcr Contract N0OO14.«9-A-OZ20-)063. 

Th» author is with ihe I>spartnient of Electncol Ensmecnng 4i)0 pm- 
puier Sciences and the Eleorcnics Research Uboralory. Univeraiiy of 
Calirornia, Berkdey, Calif. 94720. 



aminethc principles underlying the operation of DFBlasers 
and to considervarioustypesofwaveguidcsiructuresforop- 
limizatlon of DFB laser performance. 

The theoretical analyses reported in the literature are all 
based on the coupled-wavc equation from which the 
spatial dependence of the complex amplitudes of the fidd 
is found. The present analysis departs from the previous 
analyses at the outset in the approach to the problenfi. It 
Starrs out from finding the eigenniodcs of wave propaga- 
tion in a periodic structure. The eigcnmodes that are of the 
Bloch-wovc type are then decomposed into traveling- wave 
components so that the physical processes going on in a 
periodic waveguide can be clearly seen and approximation 
methods can be used in subsequent analysis. Next the 
threshold condition is obtained for DFB lasers by apply- 
ing the proper boundary conditions (tangential E and H 
being continuous) to different laser structures. The results 
thus obtained are general and can be directly applied to 
any given DFB laser in terms of physical parameters 
which are related to the physical properties of the laser 
structure. Our final aim h to consider the potentials of 
DFB lasers for use in integrated optics. If thin-film DFB 
lasers arc to be used in future optical communication 
systems, they must be able to compete in performance 
with conventional lasers, especially semiconductor mjce. 
tion lasers. In our final analysis, the performance of DFB 
lasers of various types is discussed with particular 
emphasis on the threshold gain, frequency control, and 
niode selectivity of these devices. 

II. Wave Propagation in Periodic WAVECtnoes 

In this section, we review the essential features of wave 
propagation in a periodic waveguide. Consider an optical 
waveguide (Fig. H made of a thin film sandwiched 
between a substrate and a top dielectric layer (supcrstratc). 
For a proper mode of wave propagation, the transverse 
wavenumber k, must satisfy the foUovring characteristic 
' equation: 



2k^}y - 2*. - 24',{d) " 2irm, 



(1) 



where and are, respectively, the phase shifts at the 
fllm-SUbstrato and film-top layer boundary, JV is the film 
thickness, and m, is an integer representing the transverse 
mode number- If the thickness d of the tojp layer is com- 
parable to, or smaller than, the penetradon depth of the 
evanescent wave in the top layer, then the phase shift is 
dependent on d. Thus, by varying either the thickness d of 
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Effect of layer thickness variations 
in a distributed-Bragg-reflector mirror 
on the phase of the reflected light 

jeanrPierre Waber and Shyh Wang 
£tep«tment of EtertricaJ Engineering widCompWBx Science; Umvcxsityo/Cali/ornio, Berteley, BerteJe/. Cali/Tnia !M?50 

Received Dscember 26. 1389; itcwpted March 5. isso 
Wo present an analytiMl derivation Of tho phase change of the lefkclion coefHdant of a disffn»ntri-BrtWHre«l~to 
WieSieM of a layer in tH* minor ebaapio. These phEae chanses are addibve. as has bean ver Jied 
wWr^^cal calcula^ U3n,6 tro»sa^on »etric«s. Such a pha» cha^je wiU a^ct the wave 
kusth of vcttical-<avity aurfBcc-emlttiiig laseie and the center mvalangth of varioua inteemted Bragg devioes. 



Distributed-Bragg-reflector pBR) mirrors are now 
being used in a variety of devices, such as vertiMl- 
cavity3nr£ace-eniittii>fflas6r8i-« andelfictroabaorpttve 
reflectionmodulotora.* K these devices axe to be mass 
produced witii reproducible characteristics, it is im- 
portant to know what the tolerances are for parame- 
ters such as the layer thicknesses. In this Letter we 
look at one aspect of this probleni: the change of the 
phase of the reflected light when there is a small' 
change in thickness of some layers of the DBR mirror. 
Using eigenmode theory for periodic structures,* we 
derive an analytic expression that is in good agrecmemt 
with an exact numerical calculation using transmis- 
sion matrices. An application of this residt to the 
variation of the lasing wavelength ai a vertical-cavity 
surface-emitting BBR laser has been described else- 

First, let us look at a duick summary of some results - 
of eigenmode theory that we will need m this Letter 
(their derivation can be found in Ref. 5). If we have a 
one-dimensional even periodic structure of period A, 
the solution of the wave eciuation around the Bragg 
wavelength is of the Fhjquet^Bloch type and can be 
written as 

+ Boll + s(>0exp(-j2KBz)]exp(-rz) 
= And + SfiexpCTe) + Bo(l + s^&t.p(-Ts), . 

(1) 

where Kb = pir/A (p is the order of the Bragg reflec- 
tion) and Ao and JBo are the amplitudes of a forward 
and backward propagating modes, respectively. Note 
that the origin (z = 0) must he a point of even symme- 
try. The other coefficienta are defined by 

5 = KB-m. 



propagation constant, respectively, in the periodic 
■ 'structure and « is the coupling constant [=Pp, the coef- 
ficient «rf eip0p2ir/Ai) in the Fourier expansion of 
/S(z)l. Equation {2b) is the dispersion relation of the 
periodic structure. If only the index of refraction is 
periodic, k is real and, in the atop hand (|«| < it), G < 0 if 
g <0 and C? > 0 if ^ > 0. From the continuity of the 
tangential electric and magnetic fields, we can com- 
pute the reflection and the transmission coefficients 
between a uniform and a periodic region. 

Figure 1 shows the model that we use: the DBR 
mirror is considered to be semi-infinite and lossless. 
We want to find the change of the phase of the reflec- 
tion coefficient Rt when we insert a small section of 
• thicknesa t and propagation constant ft at a distance L 
from the uniform region. We are concerned here only 
with the hi^-reflectivrty region (Le., the atop band). 
■ - ' If we neglect the differences in propagation constants 
dfthe periodic region with the uniform region and witb 
the inserted section, we can write the z«flectian and 
transmission coefficients of F^;. 1 as 



(2b) 
(2c) 

(2d) 



^'°G+^+;(W-5,„)' 
where g and are the average amplitude gain and 




Fi^. X. Model of the DBR. mirror. 
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1- 



D,= exp(rL)' 



(3) 

where Ri is obtained by Bumming multiple reflections 
and D/ and are the forward and backward P^Pff 
tion fectora, respectively. The terms endoaed by the 
souare brackets can be omitted because they will can- 
^out. Bysu»mingtheseriesofmultiplereflectiDii3, • 
the total reflection coeffident Rt is obtamed: 

(4) 



If we have no added thickness (t = 0), fla = 0 and the 
total reflection coefficient iii?^ ^o- » we have an 
addedtbicknesstrWegBtBi?. The phase change A« is 
then given by 

A« = *«-*«» = arg[^||]. 
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ric identity tan{A - J5) = MCA) - tan{J3)]/[l + 
t8n(A)tan(B)], we finally get 

A* = arctan{-2Ptt exp(2GL)l « exp(2GZ.). 

(9) 

Let us note that this result isnow independent of f 
and depends only on G (= -V?^, L, and the added 
■ optical length- , , . - j . 

The same result can also be obtained in a more 
intuitive way. Let us call 0 the phase of tiie reflected 
wave when there ia no added thickness [fip' » wpUwJ ■ 
Kthere is an added thictoesa, the fraction of the wave 
that penetrates the mirror further than L will oontnb- 
nU with« phase l<f> - 2ft0. The fraction that reaves 
L is exp(GX-), but then only a fraction exp(GL) of that 
comes bads to the front facet, so that we can write 

fl^ o [1 - exp(2GL)]e{pO'*) 
• + eJ5)(2GI,)expl7(4> - 2P.t)J 

« [1 -J2ftt exp(2GL)]6xpO'0), (10) 
again to jHrst order in ftt. And 

A* - « arctan(-2^,t exp(2GL)], (11) 



With Eqs. (l)-(4), we get 

_ 1 - f ^ V + CPa" - l)exp(2GX) 



Rf 1-Pa^«* + «W-1)«p(2G1>' 



(6) 



where we used the fact that L = - 20 and that dp£t = 0 
in the stop band if g = 0 (the lossless case). In the 
lossless case, wo can also define 

8 = exp(-j» 
with 

cos(^) = 8/k 
and 

sin(^)-Il-(«/«)*]'^- ^"^^ 
With these results, we can write Eq. (5) as 



which is the same result as relation (9). 

Wb now consider the example of a DBR mixror as it 
could be used for a vertical-cavity surface-emitting 
laser (but the theory applies to any DBR mirror made 
of any material). Kgure 2 shows a comparison of the 
result from relation (9) with exact calculations by us- 
ing transmission matrices (we used a method s i m i laT 
to that in Ref. 7). It is a first-order Bragg mirror and 
consists of 25 pairs (numbered from 1 to 25, starting 
from the left). A QaAs region ia at the right of the 
figure, and the surface with air is on the left Each 
pair has a 61.6S-nm layer of AlojosGaojasAs and a 66.75- 
nm layer of Alo.4BGao.5sA8, with the leftaost layer in 
Fis- 2'being AlojosGacosAs. We took the refiractive 
indices to be n(GaAs) == 3.6l4.n(x = 0.05) =■ 3.669. and 
n(x = 0.45) = 3.294 firom a model that we developed 
based on the foitnulaa in Ret 8. Thia ^vea a center 
wavelength of 879.78 nm, and we assumed a loss of 3 
cm~^ for the mirror. The example of Fig. 2 was done 
for a laaing wavelength of 876.S1 mn. The horizontal 
axis is labeled in pahs, with each pair being 128.38 nm. 
Vertidilly, we have the phase change due to the addi- 
tion of a thickness t = 0.56 nm (one lattice period) at 



Hsinl2(i^ + §,t)\ - exp(2GL)8in(2^(t) 1 
1 - coa[2(^ + j5^)] -h eitp(2GI.)Ico5(2ft) - 1] J 



/ ain[2(^ + ftt) + eHp(2GL)|ain(2^) - sin[2(^' + \ 
" "<^V- co3[2(^^ + ftt)] •^ «cp(2GL){co3[2(^ + - cos(2^)}/ 



This is an exact result within the eigeamode theory 

appioximatiim. , „ mu 

However, this result is too bulky to use easfly. The 
quantity At is very small (of the order of 0.02) because, 
for most problems of interest, the added thickneMiS of 
the order of a few mooolayerB. So, if we expand Eq. 
(8) to first order in ftt and use the tngonomet^ 



that position (Le., in one of the two layers of that pair). 
We look at the mirror from the GaAs region, Le-, from 
the right. The exact result eathibits steps because it 
docs not matter where we add the thickness t within a 
layer ■ The coupling coeffident k is 6239 cm"^ and ff - 
-91.26 cm-', which gives G = -6288.3 cm"'. If the 
thickness is added to the Alo.wGao.95Aa layer, we get ^t* 
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Pig. 2. AlMolute change of tHa phase of the reflisetioncoeSi- 
<ient of the mirror due to one more incMolajrer as a function 
of poflitioii ia the mirror. The steps sie eiact calculations, 
and the curves are analyticel approximatioim. 




Tig. &■ Phase chanee os a ftmctioin of S/n tea one more 
monfllayer in the AlojiGsoasAa laye* of pair 23- The soHd 
curve 18 the exact awacrical calculation, the dashed cum Is 
from Eq. C8), and the dodwd^tted curve ia the approxtoa- 
tion from relation (9). 

= 0.0143; if the thickneas ia added to the AJoMsGaaouAs 
layer, we get ffct = 0.0132. We see that although the 
real mirror >3 finite and not lossless, we have a good 
agreement between the numerical result and the ap- 
proximatiDn of relation (9). 



These results are for the addition of one thickness t- 
If we rEmovB a thickness t, we just have to change the 
sign of t in the formulas, which b equivalent to suh- 
tracting the correct optical path length. A compari- 
Bon with numerical results shows that thia procedure ;5 
correct. Note that variations in the Al content of the 
layers will diange the index of refraction and thus the 
optical path length. This wUl have the same effect as 

• -adding or aabtracting a certain thickness of materiaL 
Kwe have several thicknesses added or subtracted in a 
xoiiror, we can find the total phase change by adding 
the contribution of each thickness computed with re- 
lation (9). We checked this by exactly computing the 
phase changes due to each thickness separately and 
comparing the total with the exact calculation with all 

• the thicknessaa. The relative error for three thick- 
nesses waa less than 0.1%. 

Figure 8 shows the phase change for adding a thicic- 
neafl t to the A]ao5G8o.93A3 layer of pair 23 as a function 
of wavelength in the stop band. We can compare the 
exact numerical result, the exact result [Eq. (8)] of 
eigenmode theory, and the approximation [relation 
(9)1. The results firom relations (8) and (9) agree well 
over the range \i\ < 0.9k, and they agree with the exact 
result with a relative error of less than 10% over the 
same range. 

" -In conclusion, we have derived an analytical formula 
for the change of the phase of the reflectivity of a DBR 
mirror due to thidkneas and/or composition variations. 
This formula gives a good approximation of the exact 
result- obtained with a transmission matrices tech- 
nique. If there are several thicknoaa changed, the 
phase changes are additive, up to a high degree of 
precIsicHi. 
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Distributed Bragg 
Reflectors for 
Vertical-Cavity 
Surface-Emitting 
Lasers 
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andK.EWaldiip 



'•i/ •pisliitkiteci Bragg reflectors (pBRs) not only serwQ as high-refleclanee mirrore to 
ridefihe tiw laser, cavity of a'vertical-eavity surtece-emlning laser (VCSEL), but they also 
t';mugt' ooniJubt elactriciv, confine eurrorts, and prtwida a filngte-crystal template lor Wis ■ ■ 
■ gailri region of ths laser. Basic optical and electrical pitipartias of DBRs are printed 
;. .inihi3.artide."rVifBa examplesoftJBR structures .used in VCSEL applications from Itie 
i; ultraMolet to the Infrared are gh«iirtoillus^ ' 
I. sderice issues that are encountered In DBR growlti. FabrtcaHon issues are also 
l'.:'disfcii8sed.- . 

••' i^y^oala chemkxd vapor dap^ (CVp)i oompound SBmloondveloTa, optoeteatmriio 



' Introduction 

The dishibuted Bragp; reflector PBR) is 
used pTunaiily in verticsil<avily stitface- 
emitting laser (VCSEL) applioitions as 
a mirtor for confiring tti9 electric field 
within the optica] cavity and gain r^ion. 
It thtis serves the same furxclion as a 
metallic or dielectric minor in a conven» 
tional laset Very hi^ Tefleciivity is required 
because frte single-pass gain can be less <han 
1% in the short caviiiefi used for VCSELs- 

If the reflectance property were the only 
function served by the DBR, fabrication 
would be straightforward- However; the 
DBRs in a VCSBLmust also satisfy several 
additional constraints. The DBR must often 
carty cuftimt to the pain region, requiring 
that it be a Ibw-resistance electcical con- 
ductor. The Current arul optical fields must 
be laterally owfined to optimize device 
pfiE^simance. Additioruilly, VCSELs exhibit 
complex teir9>erature effects, and the ther- 
mal conductivity of the DBR can be a 



ence issues that are encountered in DBR 
growth. 

Distributed Bragg Reflectors: 
Basics 

Optical Properties of a Distributed 
Bragg Reffector 

The distributed Bragg reflector nomen- 
clature traces back to Ihe use of external 
periodic grating structures as wavelength- 
selective cavity minors in edge-emitting 
lasers. However, for VCSEL applications, 
it is more convenient to view a DBR struc- 
ture as a mulklayer thin-film mirror, much 
like a conventional dielectric jninot 

The basic optical properties of a DBR may 
be derived from, the normal-incidence 
Fresnel reflection coeffident r for an inter- 
face between two media with refractive- 
index values Ml and rtt;. 



critical property. Tb preserve single-crystal 
band-S^te properties that allow the gain 
region to function, the bottom DBR of a 
VCSEL must be grown epltaxially. 

These electronic and materials con- 
straints pose challenges to the device de- 
signer and growec, It is common for a DBR 
structure to contain over 100 individual 
layers with complex, graded composition 
and dopring prc^les. Such complesdty re- 
sults in a VCSEL whose total thickness is 
mostly taken up by two DBRs, with only a 
small fraction of the device devoted to the 
optical cavity and gain region. 

This article describes the use of DBRs 
in VCSEL applications. Basic optical and 
electronie properties aiie reviewed. Fabri- 
cation issues arislrtg from optical and 
dectronic constraints are discussed, H- 
ruJly, ^pHcations of three representative 
VCSEL devices are described to illustrate 
the comple)dty and range of materdals sd- 



The observable interface reflectance R from 
such an interfece is the square of the re- 
flection coefficient, R = Irp. If Ji, < tJj, r is 
negative, implying that the electric field 
undergoes a 180' phase shift upon reflec- 
tion. No such phase shift occurs if «j > t»2. 
These different phase-shift behaviors are 
exploited in a DBR. 

. A simple DBR structure is shown in Fig- 
ure la. The mirror is designed to have a 
maximum reflectance at a specified wave- 
length, Aa, the "design" wavelength. Two 
different transpaieni materials axe used, 
c«ne with a higher refractive index, TiH, and 
one widi a lower refractive index, ni.. Each 
layer in the DBR structure is made to be 
exactfy one-quarter of a wavelength thick, 
dn = Ao/4m„ and di, = Ao/4?Il, where the 
film thickness d. is detemdned by *e wave- 
length that is present inside each material 
layer. In Other words, tiie quarter-wave 
thickness refers to the optical lather than 
the physical, path length of light through 
tiiefilm. 

The repeated layers shown in Figuie la 
lead to the term "quarter-wave stack" to 
describe a DBR It is also referred to as a 
. bilayer stack, or binary stack, because it 
consists of rg>ealed low-index and high- 
index (LH) quarter-wave bila3rer3. Each 
bilayer pair of layers is also called a 
"period" of ifie DBR stack, leading to the 
term "m-period stack." For highest reflec- 
tivity, the DBR is terminated at each er«i 
witii a high-index layer, as shown in Fig- 
ure la. The ^tra H layer added to the 
m periods is cBllcd an 7»!5pEriod stads. 

The reflectance from the stadc of layers 
is determined by the coriibined aamlitudes 
of all electric fields reflecting from all 
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Figure 1. (a) Dlstrltiuted Bragg reOoaor (DBR) strvctwB usirTg a high-r^tacave-imlex 
quarter-wave teyer on the substrate tolkiwsd by m low-Mex/higtHndex (LH) <^arter-wave 
Ixlayers. (b) Peiathm phases at the DBRsurlace ot^t rsys reflected (torn each mtertace 
withm the DBR stnjeture. TTie minus Sign tntScates the ISV phase shift that occurs upon 
rsfleaion from a tow- to htgh-index svrfaaa. A round^rip pass through each quarter-waye 
layer results in a half-wave phase shift. B/ery renectsd ray returns to the DBR surface 
Shifted by exauUy ieo° in phase. All reHeoted alactric fields thus add constnictively to givs 
a high net refleotanoe for DBR, even H individual interface fetfleaances are small. 



Interfaces in the DBR structure. Rgure lb 
iUustrates how the caixibination oT phase 
shifts and lound-trip c^idcal path lengths 
consplie to bring eadn. leflectEd compo- 
nent exactly in phase (within a multiple of 
on? wavdaigth) witi^ aH other cooipdnents 
at the. top surface of the DBR. If enough 
layers are used, very high reflectance can 
be achieved, ev^ with materials whose 
single-interface reflectance (r) values are 
quite low. When = «u then |r| « 1 
and the system is said to have low con- 
trast Most compound-semioonductor D BR 
stacks have low-contrast interfaces. 

Figure 2 shows theoretical reflectance 
spectra in air of a DBR with a design 
wavelength of 1000 nm during various 
stages of growth. Highrindex laj^ers use 
CaA$ (m 3.309) and are nm thick. 
Low-index layers use AlAs (n = 2549) 
and are 8477 nm thidf. As more quarter- 
wave layers are added to the structure, 
&B reflectance spectrum acquires more 
oscillatory features, and a narrow, flat- 
topped high-reflectance region grows 
around the lOOO-nm design wavelength. It 
takes 14 layers to achieve a peak reflec- 
tance of 99%. A peak reflectance of over 
99.9% requires 21 layers. 

The reflectance behavior shown In Fig- 
•ure 2 may be quantified with multilayer 
t^un-film Optical models ' Given that oite 
knows the refractive indices of the sub- 
strate, i7„ the cavity region, Ji^ (the "cavity" 



could also be air, «c •= 1), and the high- and 
low-index materiJiis, n„ and wl, the leflec- 
tance coefficient inside the cavity region at 
the design wavelengfli of the m-peiiod bi- 
layer structure shown in Figure 1 is: 




and 

R(A<,) = KAo)F- W 

The reflectance can be made as dose to 
100% as desired by making a sufficiently 
small. 

Small a values are achieve with hi^- 
contrast bilayeis, na » nu or by using 
many such bilayers in the stadc, m — » «>. 
Accqrtable DBR materials for highcontrast 
bilayeis are difficult to find because most 
latticfr-matched compound semiconductors 
have similar lefractive-index values. There- 
fore, the only alternative is to use many 
bilayers in the DBR Stack. Unfortunately, 
there is a diminishing-retums effect — the 
absolute increase in reflectance is less with 
each additional period- 

The ejcpicssion m oo may be solved 
for m to determine the number of bilayers 



1 .000 1 — I ' I ' ■ ' 




' — 

BflO 1000 1200 

wavelengtli (nm) 



f=igure2- Refleatanea epBcoum in air 
of a ■tOOd-nm GaAs/AIAs [3BR for 
20 periods and 5 periods (lower 
two plots), flashed Unes show the 
reflectanoe'from a i>are GaAs substrate. 
Top plot shows t/ie higtu^eflectance 
region of tfie 20-period mirror near ttie 
design wavelength. 



that will Ije needed to achieve a desiredR 
for a given materials system: 

(5) 

In practice, more layers *an predicted by 
Equation 5 may be needed, due to febri- 
cadon errors in ttie Ictyer thickness and 
scattering from rough interfeces. Effects of 
fabrication"en;ors have been discussed by 
WdjerelaL^ 

Another quantity of interest is the ^ec- 
tral width of the leflectance region. In 
units of normalized wave numbeio 
F= Ao/A, the half-maxlmuin reflectance 
values are observed at 1 3: Av, with 

where A? is the spectral width- High DBR 
lefleclance and broad spectral range are both 
fcivoiei by high^X^^fast bilayers- Note that 
the formulas for m and Av are not explic- 
itly dependent on the design waveler^th. 

VC^ performance is maxiinized when 
the tiuee wavelengths associated wifti maxl- 
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sxuim gain, cavity resonsmce, andanaximum 
DBRreflectance have identical values. The 
top graph in Kguie 2 shows tiwi ttie iraxi- 
mmn in lefledance has significant curva- 
ture near the design wavelengfli. Losses 
from less-than-maxinuim reflectance will 
pull the laaing wavelenglh towaaid the 
OBR maximum. Because ftie rdfciclive- 
■ Jndex-disperaon Spectra of ell semiaffiduc- 
tors are temperatuie-depoident, the DBR 
maximum and cavity resonance will shift 
with temperature- The gain region is typi- 
cally sensitive to temperature also. Some 
continuous^ivave VCSE L des igns -use DBR 
structures to optiiruze VCSEL performance . 
at a ^ven operating temperature. 

For optiiMl VCSEL deaga it is not suf- 
fidait to treat the mirTOtS/ cavity, and gain 
region as independent design elements. 
Modeling of the standing waves that are 
generated in the entire structure becomes 
essential The results of such a inodd are 
Shown in Hguie 3- Note that flie electric 
field extends deep within each of tiifi DBEs, 
graphically illustrating the miiroii ca>^, 
and gain interdependence. 

Etecirical Properties of a DBFl 

Unless the VCSELis pumped externally 
' by means of laser or dectcon-ecamsouiceS/ 
electrical Injection muscbe supplied to ttie 
gain legion In order to cause laser aciioiu 
The configumaan of a VCSEL typically re- 
quires that current flow throu^ at least 
part of one DBR- Urybrtunalely, the simple 
LH quarter-wave bilayers introduced in 
the previous section are not ideal electrical 
conductors. The different bandgaps at 
layer intei^ces present barriers to electri- 
cal condticHon and cause scattering and 
high electrical resistance. The high resis- 



tance reduces efficiency and leads to heat- 
ing, which degrades laser performance. 

A compromise between optical and 
electrical properties can be achieved. The 
composition of the bflayers may be 
smoothly modulated.' Gradual dianges in 
composition yield small changes in band- 
gap and Iks carrier scattering. The modu- 
lation canbe adjusted Such that the optical 
phase-shifl properties illustrated in F>g- 
ure 1 are still satisfied, alttiough more 
layers are needed to achieve the' same 
reflectance as a simple stads of bilayers. 
Doping may also be modulated to opti- 
mize resistivity.' 

DBRs may be used to confirw carriers 
to small lateral dimensions in the vidniiy 
of the cavihr and gain region. Selective 
oxidation of^ the period next to the optical 
cavity provides an electrical and wave- 
guiding aperture for more efficient VCSEL 
operation.* 

Fabrication Issues in Crowing DBRs 

VCSEL growth presents one of the most 
challenging structures faced by practition- 
ers of metalOT»nic chemical vapor depo- 
sition (MOCvD) and molecular-beam 
epitaxy (MBE). Composition and layer 
thicknesses must be held to very strict tol- 
erances over hundreds of layers and naany 
jnicrometers of growth. We have foimd 
that such control is significantly enhanced 
by using in sttu optical sensors that can 
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F!gufa 3. (bottom CUivo) Refractiue- 
index peofSe at an BSO-nm veiVcai- 
cavity suriace-emltting laser (VCSB.) 
stfuature. omitting 3000 nmofttie 
tonfrer DBR. (top curv^; Standing-yasvo 
0l»ctrlc-^d intensify \Ef pattern itiat 
Is estal}list}eainthe VCSEL 
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measure growth rate and wafer tempera- 
ture during depositioiX- 

A sintple yet powerful optical monitor 
is to measure the noonal-inddence reflec- 
tance. Hgure 4 shows the spectral history 
of a 95a-mn VCSEL during its entire 
growtix Thebwildirp of the first DBR, cavity 
deposition, second ctwror, and temperature- 
dependent refiactiviHndex effects during 
cooldown are readily seen. Even the for- 
mation of the Fabry-Perot caviiy resonance 
can be observed (thin yellow stripe near 
the center of the ted reflectanoe maximum 
in the cooldown region). 

In practice, we have found that just 
a single reflectance wavelength, usually 
550 nm, is sufiEident to monitor and meas- 
ure growth. Pre-gtowth caUbratian using 
a virtual interface method' for extracting 
growth rates and optical constants has 
proven adequate for MOCVD VCSEL 
fabrication.* Real-time control has also 
been implemet\ted in VCSEL growth 
, using MBH.' 

Examples of DBR Structures and 
Growth Techniques 

Following are sp ecific examples of DBR 
structures used ftw VCSEL applications from 
UV to IR wavelengths. The DBR structure 
is given, along with a brief description of 
tfic function that each layer serves in the 
overall structure. Fabrication issues are 
also addressed where appropriate. 



Cooldown 




Upper DBR 
mirror stack 



Active region 



Lower DBR 
mirror stack 



Buffer layer 



650 



WavelengUi (nm) 
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Figurs 4. Renedancc spectrum hisnory dming th6 grovom of a 9S0-nm VCSEL usu^ In situ 
nomaMlncidencB rsHactance sfSBctioseopy. RefledsncB is plotted in lalse COkir, Wttn Oue 
repreaening laH raflectanca ana red represBnUng tilgt) raflBctanee. 
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Example 1:UVDBRs 

The IE-nitrides are used for short- 
wa veleng*. visible and ultraviolet VCSEL 
emission. DBEs wilh. >99% reflectivity 
in the UV region may be achieved with 
Alfiai.^ (L) and GaN CH). Unfortu- 
nately, this combinatnon has low conbcast 
and requires a large number of pairs 
(50-70) to achieve R > 99%. The resulting 
thick structuje (~4-5 /irei) leads to a sig- 
nificant buildup of tHisilB-stress energy. 
A 2.54% in-plane biasdal tensian esdsts in 
AIN when grown epitaxially on GaN by 
MOCVD at 105Cl°C, which Jimhs AIN 
mole fraction ti«t can be incorparated into 
the low-index aUoy without relaxatian. 
When grown in the (OOOl) orientation, as 
is typical, no resolved shear stresses redde 
on any effective slip systems that would 
aUow relaxafipn by cneans of the introduc- 
tion of intexficial misfit dislocations. This 
causes the matexial to fail by means of 
fracture 0-e., crack fbimation) prior to 
plastic deformation. Ccmirol of this stress 
is absolutely essential for successful DBR 

fabrication- 

The use of an HI si'tK stress monitor is ex- 
tremely useful in the desigrv of novel DBR 
structures employing lattice-mismatehed 
xnaterials and stress-engine«ing methods* 
Two parallel laser beams are reflected off 
the wafei> and the wafer curvature is measr 

uxcd ss the change in distance between 
the two laser Spots on a CCD detectot 
Wafer curvature is proportional to tiie 
product of the film stress and the fitan. 
thickness. 

Figure 5 shows three m situ stress x 
thickness curves as a function of film 
thickness. The top curve in Figure S 
!ibavi/s stress evolution for 30 pairs of an 
AlaajGaoajN/GaN DBR- Positive slopes 
irulicale tension, while negative slopes 
indicate compreSSiorL The sawtooth-like 
features are a result of the stresses of inr 
dividual layers, while the overall stress 
evolution is dictated by the average com^ 
position of the Stack. Evidence for rdaxa- 
tion and cracking are seen at 135 ttai and 
Z33 fim. Such cracking leads to unaccept- 
able DBRs. 

The middle curve in Figure 5 shows 
how the Stress can be xedwcai by inserting 
a thin 135-A AIN "intGda)rer"between fiie 
\-fL(a GaN nudeation layer and the mirror 
stack, as shown in the inset No evidence 
of cracking is seen, presumably because 
the intcrlayer rdaxes and creates a new 
lattice template with a smaller in-plane 
lattice constant for subsequent growth.- 

Crack-free DBRs with reflectivities of 
>99% can be achieved fluougj^ the inser- 
tion of multiple interlayers into ^ stack 
to "reset" flic tensile stress- .The bottom 
curve in Egure 5 shows the stress evolu- 



tion of a structure similar to the middle 
curve in the same figure, but with an AlN 
interlayer inserted after every 20 periods. 

example Z 8S(ynm DBRs 

Arapidly incceasing number of comme^ 
cial applications for optical interconnects 
and communications, laser printing, re- 
cording, and displays use 850-nm VCSELs. 
■These applicadons take advantage of the 
high-quality DBR mirrors that arepossible 
in the AlGaAs material system. This sys- 
tem exhibits relatively hi^ contrast, good 
ftiermal conductivity compared with other 
ternary materials, and the alloy composi- 
tion is simply controlled by the flux of the 
Group in atoms. Moteovei; the entixe range 
of AJ,Gai_,As aUoy compositions are 
nearly latticematched to GaAs substrates. 
This allows one to design very sophisti- 
cated graded structures in composition 
and doping, in order to optimize VCSEL 
performance. 

A typkal lower (bottom of stack) DBR 
mirror structure for an 850-nm VCSEL 
consists of a hi^ily reflective (99,9%) mir^ 
lor fonned from 35.5 pairs of composi- 
tiorully graded Alo^jGaAs and Alcst^SaAS- 
The upper (top of stack) DBR is yiTnilnr to 
the lower structure, but the number of 
pairs aie reduced to 19-23 to lower the re- 
flectivity and- serve as the output coupler 
for laser emissicKi. A low^aidex AlassGaAs 



layer can be inserted just before and im- 
mediately following the cavity/gmn le- 
giatL This layer can be pardally oxidized 
after the device structure Is grown, form- 
ing a current aperture that limits injected 
current to a very small area in the gain re- 
gion, again improving device efficiency.'' 
Accurate control of composition can be 
achieved using in situ reflectance pre- 
growlh calibration coupled with a sin?>le 
growth model and an automated gtowthr 
recipe generator.' 

Example 3: IS-tun DBRs 

VCSELs operating at a wavelength near 
1.3 ftxti may be grown on GaAs sid»trates 
and consist largely of the same mateiials 
as VCSELs designed for the 780-980-nm 
region (see Example 2). The high-index 
DBR material is noosvally GaAs, and fte 
low-index material is either pure AlAs, or 
AlGaAs wiihahigh percmtage of AL Op- 
tical absorption losses in tlie DBR mate- 
rials at 13 tnzi tend to be greater than at 
shorter wavelengths. TTicse losses are due 
prixnarily to free^arrier absorption associ- 
ated witti the doping of the materials re- 
quired fox electrical c»>ductivity. Therefore, 
special attention must be paid to reducing 
these losses by optimization of the dopir^g 

profiles of the DBRs. 
The gain region in a 1.3-;im VCSEL often 

contains a material such as InGaAsN, 




Thickness (iim) 



HeuK 5. Real-«w6 stress evolution as a tuncnon of film ffwAness for (top cvrva) 30 pairs 
of Ala:,fia^/Gat^: (rraddle curve) 60 pairs growl etop-an AIN ■SrMriayw'on a 
tetr^pla^ showing the redudSon in stress that can be aehlaved try in$9rting a thm 135-A AIN 
interlayer betwBBTi the i-n/n GaN nuO&ationls^r and the mirror sack, as shovm In the ^ 
inset; and (bottom curve) 60 pairs employing tnraa AIN Interiayers inserted evBty20periodB 
for Stress corrtiol. Tfie airvBS are offset for reatJability. 
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which may dictate the wse of MBE raflver 
than MOCVD for growtii of the structuKs. 
The dicace of MBE as the growth tech- 
nique in turn dictates some aspects of 
(he structure of the DBRs- In particular; 
corUinvious compositional grading is more 
difficult to adueve using MBE than 
MOCVO. This problem is solved by tising 
very thin (normally 03-3 nm) alternating 
lajrers of hi£^-index and low-index mate- 
rials to form a "digital alloy." Ths digital 
alloy appro>dmate5 the propettifis of a true 
random alloy of intermediate oompoa- 
tlon. By changing the relative thicknesses 
of these layers, any effective conrpositiQn 
between those of the high- and low-index 
materials may be achieved. 

Current cammerdal MBE growth sys- 
tems offer some advantage over simjlar 
MOCVD systems iri the form of more flex- 
ible computerized control systems. These 
systems may be used for sophisticated 
coritrol of the growth of DBR slrvctures 
and tight control over flucknesses. Using 
in situ normal-incidence reflectatKe meas- 
urements, giovirtti rates of these layers may 



be detennined in real time. Both growth 
rates and growth times may then be ad- 
justed in a feedback control system to very 
accurately grow the desired layer ftiick- 
nessGs. In practice, control of the operating 
wavelengfii to a level approaching 0.1% 
has been adhieved in MBE-grown 1.3-pm 
VCSELs using these techniques. 

Conclusions 

This arSde has only touched on the 
subtleties assodated with distributed Bragg 
reflector structures and ttieir growth. Fur- 
d«r details may be obtained ftom the 
scientific literature. De^te the complex- 
ity of DBR structures, robust methods for 
Iher fabrication are being developed dvat 
axe malong their way into mass-production 
facilities. This has led to explosive growth 
in the number of vertical-cavity sxnface- 
emitting lasers produced for a wide vari- 
ety of commeaial applications. 
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